Studies in Taiwan and Argentina suggest that ingestion of inorganic arsenic from drinking water results in increased risks of internal cancers, particularly bladder and lung cancer. The authors investigated cancer mortality in a population of around 400,000 people in a region of Northern Chile (Region II) exposed to high arsenic levels in drinking water in past years. Arsenic concentrations from 1950 to the present were obtained. Population-weighted average arsenic levels reached 570 /ag/liter between 1955 to 1969, and decreased to less than 100 /xg/liter by 1980. Standardized mortality ratios (SMRs) were calculated for the years 1989 to 1993. Increased mortality was found for bladder, lung, kidney, and skin cancer. Bladder cancer mortality was markedly elevated (men, SMR = 6.0 (95% confidence interval (Cl) 4.8-7.4); women, SMR = 8.2 (95% Cl 6.3-10.5)) as was lung cancer mortality (men, SMR = 3.8 (95% Cl 3.5-4.1); women, SMR = 3.1 (95% Cl 2.7-3.7)). Smoking survey data and mortality rates from chronic obstructive pulmonary disease provided evidence that smoking did not contribute to the increased mortality from these cancers. The findings provide additional evidence that ingestion of inorganic arsenic in drinking water is indeed a cause of bladder and lung cancer. It was estimated that arsenic might account for 7% of all deaths among those aged 30 years and over. If so, the impact of arsenic on the population mortality in Region II of Chile is greater than that reported anywhere to date from environmental exposure to a carcinogen in a major population. Am J Epidemiol 1998; 147:660-9.
These relative risk estimates are much lower than those in Taiwan, but arsenic water levels were lower in Argentina, and it was estimated that only about 20 percent of the population had been exposed.
Limited additional evidence that ingestion of inorganic arsenic might cause internal cancers can be derived from two small cohort studies. One involved patients who had been prescribed Fowler's solution which contains 1 percent potassium arsenite. A threefold increased risk of bladder cancer mortality was reported based on five cases (12) . The second cohort study involved 141 arsenic-poisoned patients in a mining town in Japan who had been exposed to arsenic due to contamination of their drinking water, in addition to occupational exposures experienced by some of them (13) . Two urinary tract cancers were reported in patients who also had Bowen's disease, whereas the expected number for those cancers was only 0.26. Seven lung cancer deaths were reported, and a doseresponse analysis showed lung cancer mortality ratios increasing up to 16.4 for the highest exposure category (8) . However, both these cohort studies suffer from problems due to small numbers, and the second study involved inhalation as well as ingestion pathways of exposure.
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The purpose of this paper is to present the results of a mortality study in Region II of Chile (figure 1). (A region in Chile is the equivalent of a province, and the regions are numbered sequentially from north to south, beginning with Region I.) Rivers that originate in the Andes mountains and that contain arsenic from natural geologic sources have been used to supply water to cities and towns throughout the region. Consequently, Region II has experienced high levels of arsenic in drinking water in past years (14, 15) . Cases of arseniccaused skin lesions were first reported in the 1970s (16) . Investigators in Chile have previously reported that there might be an increased incidence and mortality from several cancers in this region (17, 18) . The present study was in part stimulated by these earlier findings. However, both this study and our earlier study in Argentina had clear a priori hypotheses based on our review of the literature completed in 1990 in which we stated that, "studies strongly suggest that ingested inorganic arsenic causes cancer of the bladder, kidney, lung and liver, and possibly other sites. However, confirmatory studies are needed" (8) . Because of the high arsenic water levels in past years, a stable population with widespread exposure to arsenic Am J Epidemiol Vol. 147, No. 7, 1998 in drinking water, and good sources of mortality data, Region n was an ideal population in which to search for further evidence that ingestion of arsenic might cause increased mortality from these internal cancers.
MATERIALS AND METHODS
Mortality data for persons aged 30 years and over were assembled for Region n from the Departamento de Informacion de Servicio de Salud de Antofagasta for the years 1989-1993 for the following causes of death: bladder, kidney, liver, lung and non-melanoma skin cancers, chronic obstructive pulmonary disease, and for all other causes of death combined. Causes of death had been coded according to the 9th Revision of the International Classification of Diseases (ICD-9). ICD-9 code 173 was used in this study to identify non-melanoma skin cancer deaths. Chronic obstructive pulmonary disease (COPD) deaths were identified using ICD-9 codes 490 to 496, but excluding 493. The few deaths in Region II where the place of usual residence reported on the death certificate was outside the region were excluded.
Standardized mortality ratios were estimated for Region II as follows. Census data were used to calculate the person-years at risk in Region II during 1989-1993 by 10-year age groups, for men and women separately. National mortality data were obtained for 1991, the midpoint of the study period, and age-and sex-specific mortality rates were calculated for each cause of death of interest for the rest of Chile excluding Region II. The expected number of deaths was then calculated for Region II by multiplying the rest of Chile 1991 age-and sex-specific mortality rates by the person-years at risk for residents in Region n for the period 1989-1993. Standardized mortality ratios were estimated by dividing observed deaths by expected deaths. Statistical tests of significance were based on the Poisson distribution, and 95 percent confidence intervals were calculated using exact methods (19) .
Data on arsenic water concentrations in Region II from 1950 to 1994 were obtained from the Empresa Servicios Sanitarios de Antofagasta, Servicio de Salud de Antofagasta, and Codelco, Chile. Large numbers of measurements were available for drinking water in the two largest cities, Antofagasta and Calama, where many arsenic analyses have been conducted each year since the 1960s. Data from smaller towns were much more limited. In some instances, only recent measurements of water levels were available, but historical information on water sources existed which could be used to identify likely water arsenic concentrations in past years. In view of the non-systematic water sampling conducted throughout the region, and because of the need to make informed judgments based on his-torical information on water sources used in various towns over the years, we asked knowledgeable personnel from the Laboratorio del Ambiente in Antofagasta to help determine past arsenic concentrations in drinking water. The classification of water arsenic levels was done by chemists at this laboratory who have been measuring the arsenic concentration of Region II waters for many years. Approximate average levels of arsenic in drinking water were estimated for all towns and cities in the region by 5-year intervals from 1950 to 1994, rounded to the nearest 10 /xg/liter. We then calculated population weighted averages to give a rough indication of likely average arsenic water concentrations for the total population.
Limited smoking information was available for the two largest cities of the region, Antofagasta and Calama, from a national survey conducted in 1990 using a geographically stratified random sample based on the 1982 census (20) . Participants were asked if they smoked cigarettes in the previous month, and, if so, the average number of cigarettes they smoked per day.
RESULTS
Results are presented for population exposure data (table 1), population mortality (tables 2 and 3 and figure 2), attributable risk (table 4), and for cigarette smoking (table 5) .
Population exposure
Around 440,000 people currently live in Region II of Chile. The data on measurements of arsenic in drinking water collected for this study show that drinking water containing high levels of arsenic had been present throughout the region since the 1950s (table  1) . The largest city in the region is Antofagasta (1991 population 219,310). The city's water in the early 1950s contained about 90 ^xg/liter of arsenic, but in 1957 a water supply system was introduced involving the rivers of Toconce and Holajar which contained 800 and 1,300 jxg/liter of arsenic, respectively (21) . As a result, the average arsenic level in Antofagasta's drinking water rose to 870 /ig/liter. In 1970, the arsenic levels decreased when the treatment plant Salar del Carmen commenced operations. Water from the treatment plant averaged 260 ftg/liter at first, but improvements made to the plant during the 1970s and 1980s gradually reduced arsenic levels to about 40 jxg/liter by the 1990s (table 1) .
The nearby town of Mejillones is supplied with water from Antofagasta, and, therefore, has the same arsenic levels in its drinking water ( 
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Antofogasta (219,310) Mejillones (6, sources, the levels increased to 240 ju,g/liter in the 1970s. An arsenic removal plant reduced these levels to around 100 /u,g/liter in the 1980s, with improvements further reducing the levels to around 40 yxg/liter currently. Arsenic levels are also given in table 1 for the smaller population centers. Except for Taltal, all population centers had water supplies containing more than 100 /xg/liter in the 1950s, 1960s, and 1970s. However, by the end of the 1980s, all major water supplies contained less than 100 /xg/liter of arsenic, except for the small remote town of San Pedro where use of drinking water containing 600 /i,g/liter continues to the present. The populations listed in table 1 include about 90 percent of the total population of 440,000 in Region II. We therefore calculated population-weighted average water arsenic levels for each 5-year period using the data in table 1 to get an approximate estimate of the average drinking water arsenic levels consumed by inhabitants of the whole region. The averages, which are shown at the bottom of table 1, increased from a little more than 100 /tg/liter in the early 1950s, to around 570 jig/liter from 1955 up to 1969. Average levels since then have gradually decreased to less than 100 /ig/liter by 1980, and to about 40 /Ltg/liter by 1990.
In contrast to Region II, there are no major populations exposed to arsenic in drinking water in the rest of Chile. A nationwide survey involving 2,000 urinary samples found average arsenic levels to be about 14 /xg/liter (22). This information suggests there were no significant exposures to arsenic at that time from either water or food. The same is likely to be true for earlier years since, except for Region n, there have been no major water supply changes in the country in response to arsenic levels. Tables 2 and 3 present the mortality data for Region II, with expected numbers of deaths calculated using mortality rates from the rest of Chile for 1991. Table  2 shows that the overall bladder cancer mortality rate among men was six times that of the rest of Chile (standardized mortality ratio (SMR) = 6.0, 95 percent confidence interval (CI) 4.8-7.4, p < 0.001). There was also a marked increase in lung cancer mortality (SMR = 3.8, 95 percent CI 3.5-4.1, p < 0.001) and skin cancer (SMR = 7.7, 95 percent CI 4.7-11.9, p < 0.001). A smaller increase in mortality was found for kidney cancer (SMR = 1.6, 95 percent CI 1.1-2.1, p = 0.012), but there was no increase in mortality from liver cancer (SMR = 1.1, 95 percent CI 0.8-1.5, p = 0.392). No overall increase in deaths from COPD was detected (SMR = 1.0, 95 percent CI 0.8-1.1, p = 0.926). For all other deaths combined, the mortality rate in Region II was almost identical to that for the rest of Chile (SMR = 1.0, 95 percent CI 0.99-1.05, p = 0.146). Table 3 presents findings for women, which were generally similar to those for men. Markedly increased standardized mortality ratios were found for bladder cancer (SMR = 8.2, 95 percent CI 6.3-10.5, p < 0.001), kidney cancer (SMR = 2.7, 95 percent CI 1.9-3.8, p < 0.001), lung cancer (SMR = 3.1, 95 percent CI 2.7-3.7, p < 0.001), and skin cancer (SMR = 3.2, 95 percent CI 1.3-6.6, p = 0.016). No increased mortality from liver cancer (SMR = 1.1, 95 percent CI 0.8-1.5, p = 0.377) nor from all other causes of death (SMR = 1.0, 95 percent CI 0.97-1.03, p = 0.979) was detected. In contrast to men, the overall mortality rates for COPD among women were actually lower in Region II than in the rest of the Tables 2 and 3 show age-specific data as well as the overall standardized mortality ratios. The mortality ratios (observed/expected deaths) for bladder, kidney, liver, and skin cancers, and all other deaths combined, are not related to age in either sex. However, lung cancer mortality ratios are particularly high in younger men aged 30-39 years (SMR = 11.7, 95 percent Cl 6.4-19.6, p < 0.001). In addition, a decreasing trend by age in COPD deaths is apparent, with higher rates among younger men, particularly those aged 30-39 years.
Population mortality
The age-specific findings for women presented in table 3 parallel those for men. The highest mortality ratios were found for lung cancer among women aged 30-49 years and for COPD among women aged 30-39 years.
Population attributable risk
Estimation of the population attributable risk, or the proportion of all deaths which might be attributable to arsenic, is given in table 4. Among men, 93 bladder cancer deaths were observed with 15.5 expected. Hence, the excess number of bladder cancer deaths attributable to arsenic was about 77.5. If bladder, kidney, lung, and skin cancers are added, the estimate of the excess cancer deaths for the region is 509.7. In total, 5,264 deaths from all causes were observed in Region II among men for ages 30 years and above between 1989 and 1993. If arsenic was indeed the cause of the excess cancer deaths, then 509.7 deaths, or 9.7 percent, were attributable to arsenic (table 4) .
For women, the excess number of lung, bladder, kidney, and skin cancer deaths totaled 191.6. Between 1989 and 1993, a total of 3,833 deaths from all causes were observed among women aged 30 years and above in Region n. Dividing the excess cancer deaths by total deaths gives 0.049, suggesting that 4.9 percent of the cancer deaths among women were attributable to arsenic (table 4). Table 5 presents smoking data which includes all ages, but unfortunately the data were not available for men and women separately. As demonstrated in the table, there is no evidence to suggest a higher smoking prevalence in the two major cities, Antofagasta and Calama, which include nearly 80 percent of the total population of Region n. The proportion of those who smoked cigarettes was estimated to be 22.1/100 persons in Region II versus 24.3/100 persons in the rest of Chile. The proportion of persons who smoked more than a pack a day was actually lower in Antofagasta (0.8 percent) and Calama (1.1 percent) than in the rest of the country (1.5 percent).
Smoking
DISCUSSION
Ecologic studies have often been criticized because of potential biases (23) . The main problems of ecologic studies arise when relative risks at the individual level are small, and when the prevalence of exposure is low. However, exposure to arsenic in drinking water has been widespread in Region n, as shown in table 1. Furthermore, the standardized mortality ratios found for bladder and lung cancer are remarkably high and cannot be attributed to problems of the ecologic study design.
The highest water concentrations of arsenic occurred between 1955 and 1970 when the population weighted average was around 570 /Ag/liter (table 1) . Mortality has been assessed from 1989-1993. Thus, the shortest latency from first exposure to these high levels of arsenic in drinking water would be about 20 years, and the longest latency would be 38 years. However, average arsenic concentrations in excess of 100 /xg/liter continued up to 1980, and mortality may have increased well before 1989. Therefore, boundaries cannot be put on latency based on this study. In a cohort study in England (12), a threefold increased risk of bladder cancer mortality was observed after treatment with Fowler's solution (potassium arsenite). There were five bladder cancer deaths, three of which occurred within 10 years of first exposure and two which occurred more than 20 years later (12) . This study supports a wide range of latencies. The only other study with latency information for internal cancers was conducted in Taiwan, and only indirect latency information is available from it. In a cohort study that identified internal cancers (9), the highest risk estimates (lung cancer, relative risk (RR) = 4.6; bladder cancer, RR = 5.1) involved subjects with more than 30 years of exposure. The main exposures in Argentina also occurred many years before the findings of increased bladder cancer mortality (11) . Considered overall, the latency from arsenic exposure in drinking water to increased internal cancer mortality appears to be long.
We do not know of data concerning the accuracy of death certificates in Chile, but there is no reason to suggest that it would vary by region. Hospitals are accessible in all cities and cancers are diagnosed with biopsies in most cases. More than 99 percent of death certificates in Region II are completed by physicians, as was indicated by a survey in 1995. The corresponding proportion for the rest of Chile was 97 percent. In the period covered in this study, 1989-1993, the association of arsenic with internal cancers was not widely known in Region II, nor elsewhere. Therefore, diagnostic bias cannot explain the findings.
Skin cancer mortality data do not provide a reliable indicator of underlying non-melanoma skin cancer incidence. Nevertheless, both here and in arsenicexposed regions of Taiwan, skin cancer mortality was clearly elevated.
A major strength of this study is that it was undertaken with the clear a priori hypotheses that increased risks would be found for bladder, kidney, lung, liver and skin cancer, based largely on findings in Taiwan and partly supported by findings in Argentina. It was also hypothesized a priori that the highest standardized mortality ratios would be found for bladder cancer. Increased risks were found for four of the five cancers of interest. However, it was surprising that increased risks were not found for liver cancer (SMR = 1.1 for both men and women). This result raises the possibility that the arsenic association found in Taiwan could be due to synergistic effects with other risk factors such as aflatoxin or hepatitis B.
While smoking is an established cause of cancers of the lung, bladder, and kidney, confounding due to smoking can be dismissed as the reason for the increased mortality from these cancers in Region II. There are three reasons for this. First, recent smoking data from Region II, although limited, do not support higher smoking rates than in the rest of Chile (table 5) . Second, no increase was found for mortality from COPD, which is strongly related to cigarette smoking (tables 2 and 3). Indeed, COPD mortality among women in Region II was lower than for the rest of the country (table 3) . Third, the extent of increased risks are much too large to attribute to cigarette smoking. Studies in various populations have shown that the relative risk of bladder cancer for smokers compared with non-smokers are generally in the range of 2 to 4 (24) . On this basis alone, smoking can be dismissed as the reason for the bladder cancer standardized mortality ratios of 8.2 for women and 6.0 for men. Although the standardized mortality ratios for kidney cancer of 2.7 for women and 1.6 for men in Region II are smaller, smoking could not be the explanation because it is not strongly related to this cancer (25) .
Smokers have increased mortality from lung cancer with relative risks of the order of 10 when compared with nonsmokers. On the surface, it might seem that the standardized mortality ratios of 3.1 for women and 3.8 for men in Region II could be due to smoking. However, this is not the case because smoking also occurs in the comparison population, the rest of Chile. In fact, it is extremely unlikely that confounding due to smoking could result in total population lung cancer relative risks greater than 2 (26) .
While smoking can be rejected as producing overall confounding in this study, there remains the surprising finding of very high relative risks for COPD deaths for both men and women in the age range 30-39 years. Four deaths were reported among men with 0.8 expected (table 2) , and six deaths among women with 0.1 expected (table 3) . These ten individuals who died from COPD would have been young children at the time of the peak water arsenic levels in the period 1955 to 1970. One possibility is that their arsenic exposures as children contributed to their early deaths from COPD. Support for this hypothesis comes from two other studies in Chile (14, 27) . In one study (27) , the results of five autopsies were reported for children who died in 1968 and 1969 in Antofagasta, and who had evidence of arsenic poisoning including skin lesions. Lung tissue was examined in four of the five with abnormalities being found in each of them, in two cases including interstitial fibrosis (27) . In 1976, a survey which included 144 school children in Antofagasta with skin pigmentation due to arsenic reported a history of bronchopulmonary disease 2.5 times more often in these children (15.9 percent) than in children with normal skin (6.2 percent) (14) . More recently, evidence of chronic respiratory disease in arsenicexposed patients has been found in a survey of over 7,000 people in an area in West Bengal, India, with arsenic in drinking water (28) . Among 156 cases with skin lesions due to arsenic, most of whom were under age 40 years, 57 percent were found to have symptoms of respiratory disease. Lung function tests carried out on 17 patients showed evidence of restrictive disease in 16 of them, either alone (9 patients), or in combination with evidence of obstructive disease (6 patients). Further confirmation is needed, but the evidence to date suggests that arsenic may have specific pulmonary effects in children contributing to increased COPD mortality in young adulthood.
Occupational exposures to arsenic, especially in mining and refining of copper, would be expected to contribute to some increase in lung cancer risk. However, occupational exposures mainly involve men, so the fact that similar results were found for both men and women supports the hypothesis that arsenic in drinking water is the predominant source of exposure that produces the cancer mortality findings.
The arsenic attributable mortality in Region II is 9.7 percent (7.2-12.1) for men and 4.9 percent (1.9-7.6) for women, leading to an average of 7.3 percent of all deaths among persons aged 30 years and over. These attributable risks are very high. Although high relative risks between 7 and 10 were found for mesothelioma and asbestosis in a population near asbestos mining in South Africa (29) , the total numbers and size of the population involved were much smaller than in Region II of Chile. Aflatoxin may produce high risks of primary liver cancer, but the effect is usually in conjunction with hepatitis B and is confined to a single cancer (30) . The total attributable mortality risks associated with arsenic in Region II are much higher than those so far observed in these and other populations exposed to environmental carcinogens. Indeed, arsenic attributable cancer mortality in Region II of Chile exceeds that estimated for cigarette smoking in developing countries as a whole (31) . Dose-response relations are not identifiable from this mortality study because individual exposure data are lacking. Whether or not risks of internal cancers are also increased at lower levels of exposure than in Region II is of considerable public health importance (10) . The drinking water standard is 50 /xg/liter of arsenic in many countries, a level only about ten times lower than was present in Region II in past years (table  1) . One study (32) has raised the possibility that there might be effects at even lower arsenic concentrations. It has been postulated that arsenic might only exert effects when capacity for detoxification of arsenic by methylation is exceeded at high levels of exposure. However, in a previous study in Region II (33, 34), we found non-methylated arsenic in the urine of participants in only slightly higher proportions in highly exposed persons (600 /xg/liter in water) compared with persons with low arsenic exposure (15 /xg/liter in water). Therefore, there is no reason to believe that methylation will protect against arsenic carcinogenicity at low exposure levels. Furthermore, although no good animal models exist for arsenic and cancer, the two bioassays that have found positive results have found carcinogenic effects for methylated arsenic (35, 36) .
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In conclusion, markedly increased cancer risks have been found in this study in Chile to be associated with arsenic in drinking water. High priority should be given to studies at lower levels of exposure such as those associated with 50 jLtg/liter, the drinking water standard for much of the world.
